Abstract
I. Introduction
A multiple ionization chamber array (MICA) dosimetry system has been developed for use on the Biomedical channel at the Clinton P. Anderson Meson Physics Facility (LAMPF). The system consists of an array of thimble ionization chambers whose output charge is collected and measured by a set of computer-controlled electrometers.
In radiotherapy there is a need to characterize the radiation beam with extensive dosimetric measurements. This is usually done by taking measurements with a single ionization chamber throughout a suitable volume in a material simulating tissue. The resulting data can then be transformed and plotted as radiation dose distributed in the material and subsequently used for quantitatively planning patient treatments. Therapy with heavy charged particles uses the capability of controlling several beam parameters such as beam shape (cross section, convergence), beam spreading (depth) and beam energy (penetration) to confine radiation dose primarily to the prescribed treatment volume. The possible combinations of parameter values, coupled with the need for three-dimensional measurements ( Figure 1 shows an array of chambers in their spacer plate. In operation the spacer plate is attached to the scanner arm, and the detectors in their protective sleeves are immersed in a water phantom as shown in Figure 2 . The picoamp-level current signals generated by the detectors are measured with our electrometers as shown schematically in Figure 3 .
ONE CHANNEL OF THE MULTI-CHANNEL SYSTEM Fig. 3 Here the electrometer op amp is used as a current integrator. The readings are correlated with the integrated readings from an independent transmission monitor chamber which is permanently installed in the beam line. Sl is a computer-controlled zeroing switch and C is the integrating capacitor. The detailed circuit analysis in the next section will reveal constraints on these components as well as on the op amps.
The CAMAC analog-to-digital converter is an off-the-shelf module capable of digitizing analog inputs from 0 to 10 volts. A 32-channel, 12 bit ADC module is used to give 0.1% precision readout.
Computer control of zeroing and range-switching is accomplished via reed relays Si and S2, switched through a 48-channel CAMAC output-register module.
Software input specifies the chamber, chamber position, and electrometer associated with each ADC input. The chamber position is relative to a reference position which is controlled through the three-dimensional scanner.
The software reads the calibrated mass of the gas in the ionization-collecting volume of each chamber and the calibrated capacitance of each electrometer in use from a master data file. This allows the hardware associated with each ADC channel to be changed or to be switched from one channel to another. Any number of channels may be used.
The software controls the data acquisition in the following manner. First the chambers are positioned by commanding the scanner to move to a specified location. The program opens Sl to unshort the electrometers, then waits 1/2 second to avoid transients due to switch bounce and charge injected to the capacitor from the switch contacts.5 Next the program reads and stores the initial voltages on the ADC channels and the initial counts on the independent beam-transmission monitor chamber. Current is then integrated on all electrometer channels in use for a specified length of time or number of monitor units, both of which are monitored by the control computer. Finally the program reads and stores final voltages and actual elapsed time and monitor units and then rezeroes the electrometers. From the changes in voltages (AV) and elapsed monitor units the program calculates (charge/mass)/monitor unit for each channel and stores the values together with the detector positions as a measure of the beam at each position. Charge is the current integrated by the electrometer, and is calculated as CAV. The (charge/mass)/monitor unit is effectively a normalized dose reading. Then the detectors are moved to the next designated position and another such measurement is carried out. In this way the beam can be scanned and characterized along a single line, across a plane, or throughout a volume.
IV. Electrometers
Model with error sources Figure 4 is a detailed analytical model for the electrometer op amp and its integrating capacitor, zeroing switch, and interconnections from the detector.
__. SI 5) where Q is the charge collected from the detector by the electrometer. In order to make measurements to approximately 1% round-off error (±1 significant bit), we require a minimum measurement of approximately 82 counts. This minimum measurement would occur at 10% of the beam peak which gives the lowest charge collection rate, or 10% of the 8.5pC mentioned earlier, and would be made with the maximum electrometer gain, or maximum (G/C). For a 10-second reading this presents a constraint on (G/C) from Eq. 5:
where C is expressed in pF. The lower limit for G/C is determined from the maximum charge-generating rate which is projected to be about 200 pC in 10 sec, and which must yield counts less than 4096. Again from Eq. 5, G/C < 1/20.
(Eq.7)
To determine specific values for G and C, we must recall the constraint associated with Eq. 3, i.e., RLC>10. This dictates a practical lower limit of about 50 pF for C because presently available reed switches have maximum insulation resistances of about 10 ohms. Then Eq. 6 yields G<10. For this system values of 10 and 2.5 were chosen for G with C = 5OpF. This gives G/C = 1/5, 1/20, satisfying Eq. 6 and Eq. 7 respectively. To maintain the highest stability a polystrene capacitor is used for C.
The design must consider the input current error sources described in the model. Electrometer op amps with input offset current specified at 10 A were chosen and then individually selected -15 for lower offset currents down to 10 A. The shunt resistance of the cable and inter-connection was maximized by using low-noise cable and connectors insulated with Teflon and glass. The At the second amplifier stage the signal is at a much higher current level. An op amp with JFET input is used to maintain low offset voltage (again adjustable to zero), high input impedance, low input offset current, and to minimize temperaturedependent drift effects.
Temperature dependence of V is minimized by using thick-metal-film potentiometers with a temperature coefficient of 10 ppm/°C. for adjusting VOs on both op amps. Temperature dependence is also minimized by housing each electrometer in a cast-aluminum box and placing all these boxes in a larger wall-mounted housing. Figure 5 shows the construction of an individual electrometer, and Figure 6 shows an array of electrometers mounted for use. 
Radiation Effects
The leakage due to radiation is plotted in Figure 7 as measured by two methods. lR/h in the dynamic mode, meeting the design criterion. The system is presently used in background radiation exposure rates of only O.lR/h. The neutron contribution to radiation was due to fast neutrons and was measured with a Bonner sphere.
Results
In Figure 8 we compare data taken by MICA with data taken on a single-chamber system. The two beam profiles agree within 0.5% over a factor of 10 in dynamic range, indicating 1% agreement in relative chamber and electrometer calibrations. This demonstrates the feasibility of using MICA to replace single-chamber data acquisition.
VI. Summary and Conclusions
The MICA system has already increased LAMPF dosimetry data-acquisition rates by a factor of ten.
We have demonstrated 0.5% agreement between the multichannel system and a single-channel system. We have also demonstrated the feasibility of operating the multichannel electrometer system under computer control and taking reliable, accurate, integrated data from signals at the picoampere level. Description of the circuit design and electrometer construction elucidates specific sources of errors and techniques for reducing these errors.
